Phylogenetic analysis of 12 protein-coding genes from complete mitochondrial DNA (mtDNA) molecules of various mammals including a xenarthran representative, the armadillo (Dasypus novemcinctus), showed that the order Xenarthra (Edentata) is a sister group to the ferungulates (carnivores, perissodactyls, artiodactyls, cetaceans). Morphological and previous molecular analyses have placed the Xenarthra basal to other extant eutherians. The present findings are in striking contrast with that understanding. The results suggest that Xenarthra and ferungulates separated about 86 MYA.-
Introduction
It has been commonly acknowledged that the order Xenarthra (Edentata) has a basal position within the eutherian phylogenetic tree. Molecular data on the order are limited, however, and the paleontological/morphological treatment has, to a considerable extent, centered around the relationship between Xenarthra (Edentata) and Pholidota (McKenna 1975 (McKenna , 1987 Novacek, Wyss, and McKenna 1988; Rose and En-try 1993) . The order Xenarthra includes three extant families: Bradypodidae (sloths), Dasypodidae (armadillos), and Myrmecophagidae (anteaters). The molecular relationship among the three families has not yet been examined in light of a noneutherian mammalian outgroup (marsupials or monotremes) which would permit identification of a possible polyphyly of the order in addition to determining its position in the eutherian tree. The limited amount of molecular information on Xenarthra is surprising since, if it is basal to other eutherians, it would constitute a valuable outgroup for rooting other parts of the eutherian phylogenetic tree. In the present study, we have examined the phylogenetic position of Xenarthra, represented by the complete mtDNA molecule of a long-nosed armadillo (Dasypus novemcinctus) , relative to all other eutherian orders represented by complete mtDNAs.
Materials and Methods
The armadillo sample was a gift from Dr. I? R. Klaster, Royal Tropical Institute, Amsterdam, The Netherlands. Isolation of an enriched mtDNA fraction followed the previously described procedure for complete mtDNAs (Amason, Gullberg, and Widegren 1991) . The enriched mtDNA was digested separately with three restriction enzymes (Bin I, EcoR I, Hind III) and run on a preparative agarose gel from which the restriction fragments were excised and electroeluted before ligation into M 13 mp 18/19. Regions covered by natural clones (about 11,500 nucleotides) were complemented with PCR amplification, using primers with appended restriction sites (EcoRI or HindIII). Sequencing of each cloned (Ml 3 mp 1 S/19) PCR product was based on a minimum of three different clones. Sequencing was performed manually, applying the dideoxy termination technique (Sanger 1981) with 35SdATP, using both universal and numerous specific sequencing primers.
The phylogenetic analyses were based on the three most commonly used methods of tree reconstruction, namely, maximum parsimony, (MP; Fitch 1971), neighbor joining, (NJ; Saitou and Nei 1987) , and maximum likelihood, (ML; Felsenstein 1981) , implemented by the PHYLIP (Felsenstein 1991) , MOLPHY (Adachi and Hasegawa 1996a), or PUZZLE v. 25 .1 (Strimmer and von Haeseler 1996) program packages. The alignment included 23 sequences. The length of the amino acid (aa) alignment was 3,248 aa after excluding gaps and ambiguous sites adjacent to gaps.
The mtDNA sequence of the armadillo with annotations has been deposited at EMBL with accession number Y 11832. Users of the sequence are kindly requested to refer to the present paper and not only to the accession number.
Results

Description of the MtDNA of the Armadillo
The length of the presently reported mtDNA of the armadillo is 17,056 nucleotides (nt). This length is not absolute, however, due to heteroplasmy caused by differences in the length of the control region. The length of the control region of the presently reported 17,056-nt variety of the molecule is 1,604 nt. The control region is characterized by the occurrence of repetitive motifs at two different locations. In the three natural (not PCR) clones sequenced, one of these locations was stable with two identical 80-nt-long repeats plus a repeat deviating at two nt positions. The repeated motif occurring at the other location is 6 nt long (CTCAGA). No varieties of this motif were found. The heteroplasmy in the mtDNA of the armadillo is due to the occurrence of different numbers of this motif in different molecules of the same individual.
In the currently reported complete mtDNA molecule, this number is 22. In the two other clones sequenced, the numbers of repeats were 5 and 10, respectively. (Roe et al. 1985) , wallaroo (Janke, Xu, and Arnason 1997) , mouse (Bibb et al. 1981) , cow (Anderson et al. 1982) , and armadillo. Marsupial ori-L is not homologous to that of eutherians.
The organization of the mtDNA of the armadillo conforms with that of other mtDNAs sequenced in their entirety. The L-strand origin of replication of the armadillo differs, however, from that of other eutherians. In most tetrapod mtDNAs, a stable hairpin loop structure, defined as the origin of L-strand replication (ori-L), can be found between the tRNA-Asn and tRNA-Cys genes ( fig. 1 ). Such a structure is also present in marsupials, although a rearrangement has taken place among the tRNA genes of this region Janke, Xu, and Arnason 1997) , and the ori-L in marsupials is not homologous to that of the eutherians (Paabo et al. 1991) . In the chicken, crocodiles, and Sphenodon, the tRNA-Asn and tRNA-Cys genes are separated by only a few nucleotides, and as a consequence of this, the typical hairpin structure is lacking (Seutin et al. 1994 ). In the armadillo, the tRNA-Asn and tRNA-Cys genes are separated by 33 nt, but no typical and stable hairpin loop structure can be formed, since only three contiguous base pairs show full intrastrand complementarity. The sequence of the potential stem of the armadillo shows only limited similarity relative to other eutherians .
The start codon of two protein-coding genes, NADH3 and NADHS, is isoleucine (ATT) rather than methionine (ATG, ATA). This is consistent with the notion (Fearnley and Walker 1987) that any ATN start co- don may specify methionine.
CO111 and NADH4 have an incomplete stop codon (T). The stop codon of NADH3 is also incomplete (TA). The 3' end nucleotide of these genes is contiguous to the 5' terminal of a tRNA gene and it has been proposed that the transcripts of such protein-coding mtDNA genes contain a stop codon created by posttranscriptional polyadenylation (Ojala, Montoya, and Attardi 1981). It is also probable that both NADHl and NADH2 have an incomplete stop codon (T) rather than a complete stop codon (TAG). If this is so, the nucleotides AG constitute a part of the adjacent tRNA genes, tRNA-Ile and tRNA-Trp, respectively. An arrangement of this kind is consistent with the sequence of these two tRNA genes in other eutherians.
The tRNA-Cys gene of the armadillo lacks the DHU-stem and -loop ( fig. 2) , differing from that of other eutherians studied. Since the DHU-stem and -loop are also missing in the tRNA-Cys gene of Sphenodon (Seutin et al. 1994 ) and in the tRNA-Ser(AGY) gene of all vertebrates (Wolstenholme 1992) , the presence of these features is evidently not obligatorily necessary for proper function. Apart from the absence of the DHU-stem and -loop, other features of the tRNA-Cys gene of the armadillo have been conserved. It is therefore conceivable that the tRNA-Cys of the armadillo has maintained normal translational function. The anticodon stem of the tRNA-Ser(UCN) gene of the armadillo is 5 bp long, consistent with other eutherians and marsupials (Yokogawa et al. 1991; . Since the tRNA anticodon stem typically consists of 5 bp, the length difference between the anticodon and the acceptor nucleotide is compensated for in the tRNA-Ser(UCN) gene by the presence of only 1 nt connecting the acceptor and the DHU-stem.
Phylogenetic Analysis
The present phylogenetic analyses were based on comparisons of the concatenated sequences of the protein-coding genes of complete mtDNA molecules. This approach is essential for establishing well-supported phylogenies, because individual genes may provide different topologies for interordinal mammalian relationships (Arnason and Johnsson 1992; Cao et al. 1994) cance ). The present analyses included the concatenated sequences of all 13 protein-coding mitochondrial genes except NADHG, which is located on a different strand and shows a strong compositional bias (both nt and aa) relative to the other genes. The phylogenetic analyses have been performed according to MP NJ, and ML. The three methods are based on different assumptions, thus reducing the risk of inferring an incorrect topology due to a possible inconsistency of a single method. The ML analysis was extended by the use of a new program, PUZZLE, which computes the ML tree for all possible quartets of taxa represented in the data set and combines the resulting topologies to form an overall phylogenetic tree (Strimmer and von Haeseler 1996) . Figure 3 shows the topology found by the PUZZLE program on the basis of the mtREV-22 model of aa substitution (Adachi and Hasegawa 1996b) . The analysis included all mammalian orders currently represented by complete mtDNAs. Branch lengths represent genetic distances among the taxa. The eutherian tree was rooted by using a monotreme, the platypus , and two marsupials, the opossum ) and the wallaroo (Janke, Xu, and Arnason 1997) , as outgroups. With the exception of the hedgehog, the aa frequencies of all sequences correspond to the expectations of the ML algorithm for the given set of data. The inclusion or exclusion of the hedgehog, however, did not affect the tree topology. In agreement with previous findings (Krettek, Gullberg, and Arnason 1995; D'Erchia et al. 1996) , the hedgehog was basal to all other eutherians. Thus, the order Lipotyphla (Insectivora), as represented by the hedgehog, constitutes the earliest divergence so far identified within the eutherian tree. Analyses of all data sets consistently resulted in a sister group relationship between the armadillo and the ferungulates. The support for this relationship was examined by different methods of reconstruction (NJ, MP, quartet puzzling (QP)/ML) and different data sets (aa as well as nt). Table 1 shows the bootstrap support for those branches that are important for evaluating the phylogenetic position of the armadillo. Except for ML, the rabbit was identified as the taxon most closely related to the armadillo/ferungulate group, and exclusion of the rabbit from the analysis raised the support for the edentate/ferungulate clade (not shown). The affinities between the rabbit and the ferungulates have been treated recently in a comparable study that did not include the armadillo (Janke, Xu, and Arnason 1997) . The relationship among the myomorph rodents (mouse, rat), the guinea pig, and the rabbit remained unresolved, but an exhaustive search using ML (MOLPHY) and constraining primates, ferungulates, myomorph rodents, and the outgroup joined the guinea pig and the rabbit with the primates. The support for this relationship was rather low and not confirmed by other methods of reconstruction.
The support for different topologies involving the armadillo was investigated on the basis of ML analysis, table 2. A basal position of the armadillo relative to other eutherians received least support and could be ex- molecules. The tree is based on concatenated aa sequences of 12 proteincoding genes. The position of the armadillo is basal to that of species composing the ferungulates (carnivores, perissodactyls, artiodactyls and cetaceans). The same topology was produced by MP and NJ, but the positions of the guinea pig and the rabbit were unstable. The support of four branches, a, b, c, and d, crucial for the phylogenetic position of the armadillo, is shown in table 1. The analysis included the following species: platypus, Omithorhynchus anatinus ; opossum, Didelphis virginiana ; wallaroo, Macropus robustus (Janke, Xu, and Amason 1997) ; hedgehog, Erinaceus europaeus (Krettek, Gullberg, and Amason 1995) ; mouse, Mus musculus (Bibb et al. 1981) ; brown rat, Rattus norvegicus (A. H&lid, unpublished sequence); guinea pig, Gavia porcellus (D'Erchia et al. 1996) ; rabbit, Oryctolagus cuniculus (C. Gissi, unpublished sequence); armadillo, Dasypus novemcinctus (present study); domestic cat, Felis domesticus (Lopez et al. 1996) Janke, and Amason 1996) ; cow, Bos taurus (Anderson et al. 1982) ; fin whale, Balaenoptera physalus (Amason, Gullberg, and Widegren 1991) ; blue whale, Balaenoptera musculus ; gibbon, Hylobates lar (Amason, Gullberg, and Xu 1996) ; Sumatran orangutan, Pongo abelii (Xu and Amason 1996a); gorilla, Gorilla gorilla (Xu and Amason 1996b); common chimpanzee, Pan troglodytes (Amason, Xu, and Gullberg 1996) ; human, Homo sapiens, nonchimaeric Caucasian sequence, "Lund" (Amason, Xu, and Gullberg 1996) . The ML tree found by exhaustive search when the marsupionta (platypus plus marsupials), primates, ferungulates, and myomorph rodents were constrained differed from the PUZZLE tree by having the guinea pig and the rabbit on the same branch as the primates. Irrespective of the position of the guinea pig and the rabbit, the armadillo constantly joined the ferungulates, and the log-likelihood value increased dramatically when the armadillo was placed at another position. applied previously for dating ferungulate (Xu, Janke, and Arnason 1996) and hominoid divergences as well as deep divergences among and within monotremes/marsupials and eutherians (Janke, Xu, and Arnason 1997) . The evolutionary rate of the armadillo was consistent with that of the ferungulates, and application of AK-60 dated the xenarthran/ferungulate divergence at 86 MYA.
Discussion
NOTE.-The values for maximum parsimony (MP) and neighbor joining (NJ) of nt sequences are the result of 1,000 bootstrap replications. The numbers 12 and 123 refer to combinations of codon positions. The bootstrap analyses of aa sequences were limited to 100 replications due to computational constraints. Maximum-likelihood/quartet-puzzling support values are equivalent to bootstrap values. The nt analyses were based on nonsynonymous changes at first codon position, all changes at second codon position (all nonsynonymous), and transversional changes at third codon position (Irwin, Kocher, and Wilson 1991) . Deviating from the topology shown in figure 1 , the guinea pig was joined with the primates or myomorph rodents in some cases, but the support for this grouping was limited. NJ analysis of all codon positions joined the rabbit and guinea pig as sister groups. Due to this, branch "c" was nonexistent, as indicated by a dash (-).
Molecular data on the Xenarthra (Edentata) are limited, probably because the phylogenetic position of the order has been considered so definite that it has not warranted extensive molecular analyses. This basal position of the Xenarthra, molecularly supported by Miyamoto and Goodman (1986) , has also been used to root the phylogenetic tree of other eutherians (Adkins and Honeycutt 1991; Stanhope et al. 1996) . A recent study of the three xenarthran families (Hess et al. 1996) did not permit identification of the phylogenetic position of the Xenarthra, since the cow was the only nonxenarthran taxon included.
eluded at ~99% confidence level. Other relevant topologies received negligible support and were >2 standard errors worse, respectively, than the topology shown in figure 3 .
Dating of the Divergence Between Xenarthra (Armadillo) and the Ferungulates
The present findings show the most drastic inconsistency so far reported between comprehensive molecular data sets and commonly acknowledged understandings of eutherian evolution and phylogeny. Whereas morphological and previous molecular studies have consistently advocated a basal position of the Xenarthra among extant eutherians, the present study yielded no support to that notion, but placed the lipotyphlan (insectivoran) hedgehog basal to other eutherian lineages. A basal position of the Xenarthra within Eutheria was statistically refutable (table 2) .
After establishing the phylogenetic position of the armadillo, the dating of the divergence between the Xenarthra (as represented by the armadillo) and the ferungulates was determined by applying a recently established molecular reference, the evolutionary separation between Artiodactyla and Cetacea anchored at 60 MYA . This reference has been While it is evident that full congruity between molecular and classical approaches would constitute the phylogenetic ideal, it is questionable whether such situations are very common. A particular problem in this context is the virtually insurmountable difficulty in placing morphological evolution on any kind of a temporal scale or model and the opportunistic (adaptive) rather than stochastic nature of phenotypic evolution. Incom- . . . (-45,258.3) 99.0 (6,262) (6,984) OG, (LIP,(ROD,HYS,(PRI,(XEN,(LAG,FER) 
. . . . . . outgroup, LIP: lipotyphlans (hedgehog), ROD: myomorph rodents (mouse, rat), HYS: hystricomorph rodents (guinea pig), PRI: primates (Homo, chimpanzee, gorilla, orangutan, gibbon), LAG: lagomorphs (rabbit), XEN: xenarthrans (armadillo), FER: ferungulates (cetaceans, artiodactyls, perissodactyls, carnivores). d Angle brackets indicate the log-likelihood value of the best topology. The differences of log-likelihood values of alternative trees relative to that of the best tree, AlnL, as well as the standard error, SE (Kishino and Hasegawa 1989) , are shown. pBoot indicates the estimated bootstrap probability among the different alternatives (Kishino, Miyata, and Hasegawa 1990) .
h MP analysis (DNAPARS) using nt sequences of first and second codon positions. C MP analysis (PROTPARS) for different topologies using aa sequences. Number of substitutions of the best tree is shown in angle brackets, as well as the difference in number of steps (steps) and the standard deviation (SD) of the alternative tree from that of the best tree (Templeton 1983) , as implemented in the PHYLIP program package. plete fossil records also add to the problem of placing evolutionary divergences on a realistic timescale (Martin 1993) .
It would be expected that the discordance between molecular findings and classical understandings should be particularly pronounced in distant divergences. For example, the relationship between myomorph rodents and the guinea pig has become a highly contentious issue, with incongruity between molecular data (Graur, Hide, and Li 199 1; D'Erchia et al. 1996) and classical phylogenetic undestandings (e.g., Luckett and Hartenberger 1993) . However, the phylogeny of the guinea pig remains unsettled with respect to mitochondrial data sets, and a discussion of the phylogenetic position of the guinea pig is somewhat unfruitful until comprehensive sequence data from additional hystricomorphs and lagomorphs become available. While ML grouped the guinea pig with the primates, a hitherto unobserved hypothesis, MP and NJ joined the guinea pig with the rabbit or the myomorph rodents, albeit with low support. Also, the phylogenetic position of the rabbit remained essentially unresolved.
ML joined the rabbit with the primates, albeit with limited support, while most other reconstruction methods identified a relationship between the rabbit and the armadillo/ferungulates lineage. In addition to the discordance between morphological and molecular data of such deep divergences as those among myomorph rodents, hystricomorphs, and lagomorphs, there are also examples of more recent mammalian divergences where morphology and molecular data yield incongruent results. Among marine mammals there are several cases of this kind, e.g., the gray whale, Eschrichtius robustus, of the family Eschrichtiidae, which actually resides within genus Balaenoptera of the family Balaenopteridae, rorquals (Arnason, Gretarsdottir, and Widegren 1992; Arnason, Gullberg, and Widegren 1993; Gullberg 1994, 1996) . In this instance, a change in feeding behavior from pelagic sieving to bottom feeding has led to such pronounced morphological changes that the correct phylogenetic position of the gray whale was indeterminable on a morphological basis. The Sumatran and Bornean orangutans constitute another such case. Here, the very limited morphological distinction between the two orangutans is in sharp contrast with their pronounced molecular distinction (Xu and Arnason 1996~; .
The position of the armadillo as a sister group of the ferungulates is of great interest for establishing the evolution of the ferungulates and for dating their origin. For dating the divergence between the Xenarthra and the ferungulates we have applied the recently established molecular reference, the evolutionary divergence between artiodactyls and cetaceans set at 60 MYA. The establishment of the reference is based on radiation of extant cetaceans 32-34 MYA and the intercept at 60 MYA of the molecular differences between cetaceans and artiodactyls . The application of A/C-60 has yielded credible dating (~50 MYA) for deep perissodactyl divergence, the separation between the Equidae and the Rhinocerotidae (Xu, Janke, and , as well as the dating (= 130 MYA) of the divergence between eutherians and marsupials and that between eutherians and marsupials/monotremes (Janke, Xu, and Arnason 1997) . The same reference dates the (Perissodactyla + Carnivora)/(Artiodactyla + Cetacea) split at ~70 MYA. The present application of A/C-60 to both aa sequences as well as second-codon-position nt sequences suggests that the Xenarthra (as represented by the armadillo) and the ferungulates had a last common ancestor ~86 MYA. If other potential ferungulates, such as the paenungulates and their probable relatives the elephant shrews (de Jong, Leunissen, and Wistow 1993) , share a common ancestry with the now-included ferungulate orders (Carnivora, Perissodactyla, Artiodactyla, Cetacea), the present findings suggest that the paenungulates and the elephant shrews or other potential ferungulates must have a phylogenetic position proximal to that of the armadillo.
